Background: After the Chernobyl nuclear power plant accident in April 1986, a large increase in the incidence of childhood thyroid cancer was reported in contaminated areas. Most of the radiation exposure to the thyroid was from iodine isotopes, especially 131 I. We carried out a populationbased case -control study of thyroid cancer in Belarus and the Russian Federation to evaluate the risk of thyroid cancer after exposure to radioactive iodine in childhood and to investigate environmental and host factors that may modify this risk. Methods: We studied 276 case patients with thyroid cancer through 1998 and 1300 matched control subjects, all aged younger than 15 years at the time of the accident. Individual doses were estimated for each subject based on their whereabouts and dietary habits at the time of the accident and in following days, weeks, and years; their likely stable iodine status at the time of the accident was also evaluated. Data were analyzed by conditional logistic regression using several different models. All statistical tests were two-sided. Results: A strong dose -response relationship was observed between radiation dose to the thyroid received in childhood and thyroid cancer risk ( P <.001). For a dose of 1 Gy, the estimated odds ratio of thyroid cancer varied from 5.5 (95% confi dence interval [CI] = 3.1 to 9.5) to 8.4 (95% CI = 4.1 to 17.3), depending on the risk model. A linear dose -response relationship was observed up to 1.5 -2 Gy. The risk of radiation-related thyroid cancer was three times higher in iodine-defi cient areas (relative risk [RR]= 3.2, 95% CI = 1.9 to 5.5) than elsewhere. Administration of potassium iodide as a dietary supplement reduced this risk of radiation-related thyroid cancer by a factor of 3 (RR = 0.34, 95% CI = 0.1 to 0.9, for consumption of potassium iodide versus no consumption). Conclusion: Exposure to 131 I in childhood is associated with an increased risk of thyroid cancer. Both iodine defi ciency and iodine supplementation appear to modify this risk. These results have important public health implications: stable iodine supplementation in iodine-defi cient populations may substantially reduce the risk of thyroid cancer related to radioactive iodines in case of exposure to radioactive iodines in childhood that may occur after radiation accidents or
The accident that occurred in reactor 4 of the Chernobyl nuclear power plant in the Ukraine in April 1986 resulted in widespread radioactive contamination, particularly of the territories of Belarus, the Russian Federation, and the Ukraine. For most persons living in these territories, the main contribution to the radiation dose to the thyroid was from radioactive isotopes of iodine, mainly 131 I. It is estimated that, in Belarus, the thyroids of several thousand children received 131 I doses of at least 2 Gy ( 5 ) .
A very large increase in the incidence of thyroid cancer in young people was observed as early as 5 years after the accident in Belarus ( 6 , 7 ) and slightly later in the Ukraine and the Russian Federation ( 8 -10 ) . Before the accident, incidence rates in children were, as in most countries in the world, less than one case per million per year; this rate increased to more than 90 per million in Gomel, the most contaminated region of Belarus, in the period from 1991 through 1994 ( 10 ) . By the end of 2003, a total of 740 cases of childhood thyroid cancer had been observed in Belarus alone among those who were exposed as children (i.e., aged 0 -14 years); about half of these were residents of Gomel region at the time of the accident (E. Demidchik, personal communication). An increased incidence of thyroid cancer continues to be observed in this population as it ages into adolescence and young adulthood. The evidence that this increase is related to the fallout of radioactive iodine from the Chernobyl accident is compelling ( 11 -16 ) . Questions remain, however, concerning the magnitude of the risk of thyroid cancer associated with these exposures ( 5 ) and the role of iodine defi ciency, which was present in most of the affected areas at the time of the accident ( 17 ) and which has been postulated as a possible modifi er of radiationrelated thyroid cancer risk ( 18 , 19 ) .
The Chernobyl experience provides the most important source of information for the quantifi cation of risks to young people from exposure to 131 I and shorter-lived radioactive isotopes and for the study of factors -both environmental and host factorsthat may play a role in the risk of radiation-related thyroid cancer in these areas ( 18 , 20 , 21 ) . We carried out a case -control study of thyroid cancer in young people to evaluate the risk of thyroid cancer related to exposure to 131 I in childhood and to study environmental and host factors that may modify this risk, in particular iodine defi ciency and stable (nonradioactive) iodine intake.
S UBJECTS AND M ETHODS

Study Design and Collection of Information
The study was designed as a population-based case -control study of thyroid cancer in young people. It was carried out in the regions of Belarus and the Russian Federation that were most contaminated by fallout from the Chernobyl accident.
We present risk estimates of thyroid cancer associated with exposure to 131 I that are based on 276 case patients and 1300 control subjects who resided in the Gomel and Mogilev administrative regions (i.e., oblasts) of Belarus or the Tula, Orel, Kaluga, and Bryansk administrative regions of the Russian Federation and were aged younger than 15 years at the time of the Chernobyl accident. The case patients were diagnosed with histologically verifi ed thyroid carcinoma between January 1, 1992 [to avoid overlap with a previous case-control study in Belarus ( 13 ) ], and December 31, 1998, and underwent surgery in Belarus or the Russian Federation. We included patients ascertained retrospectively as having been diagnosed with incident thyroid cancer between January 1, 1992, and December 31, 1996, as well as patients with new incident thyroid cancers diagnosed from January 1, 1997, through December 31, 1998 . In Bryansk region, the study was restricted to patients with new incident thyroid cancers diagnosed from January 1, 1998, through December 31, 1998 , to avoid overlap with a separate study coordinated by the U.S. International Consortium for Research on the Health Effects of Radiation ( 16 ) , because such overlap would have entailed too heavy a burden (reinterviewing and reexamining) on patients previously interviewed and examined in that study. In Gomel region, where the largest number of thyroid cancers has been diagnosed, it was not possible to include all cases diagnosed before 1997 for logistic and fi nancial reasons. Therefore, a representative sample of these patients was included as follows: all patients who were younger than 2 years at the time of the Chernobyl accident and a 50% random sample, stratifi ed by age at the time of the accident and by sex, of those who were 2 years old or older at the time of the accident. In Belarus, prospective case patients with thyroid cancer were identifi ed directly from the Republican Scientifi c and Practical Center for Thyroid Tumors in Minsk, where most young people diagnosed with thyroid cancer in Belarus are referred to for surgery. The records of the oblast oncological dispensaries and of surgical departments of oblast hospitals were also consulted to ensure completeness of ascertainment of eligible cases. In the Russian Federation, prospective case patients with thyroid cancer were identifi ed directly from the oblast oncologic dispensaries and surgical departments of the central hospitals of the regions under study. Collaboration was established with the hospitals in Belarus and the Russian Federation to ensure rapid identifi cation of new cases of thyroid cancer in our study population. An international panel of pathologists from Belarus, the Russian Federation, Japan, and the United Kingdom reviewed histologic slides from the case patients included in the study and found that all but 11 of these tumors were papillary carcinomas.
To maximize statistical power, we interviewed at least four population-based control subjects for each case patient in the study. Control subjects were matched to case patients by age (within 1 year for those who were 18 months or older at the time of the accident, within 6 months for those aged 12 -18 months, and within 1 month for those who were younger than 12 months at the time of the accident), sex, and administrative region of residence at the time of the accident. Control subjects were randomly drawn from records of the birth registry centralized at the region level in all regions except Kaluga and Orel, where access to the birth registry records was denied by local administrative authorities. In these regions, therefore, control subjects were selected from the records of the computerized medical insurance system, which covers virtually the entire population.
Information was collected on study subjects by use of a detailed questionnaire that was administered by a trained interviewer during an in-person interview. The interview included questions about selected lifestyle factors of the subject at the time of the accident and in the days and the fi rst 2 months after the accident, as well as questions about the consumption of stable iodine immediately after the accident and during the following years. Questions were also included about other known or suspected risk factors for thyroid cancer. Subjects who were younger than 12 years at the time of the Chernobyl accident were mostly interviewed with their mothers. Because the scars from thyroidectomy are generally visible, it was not possible to blind the interviewers to the case -control status of the interviewees. The interview was complemented by a clinical and ultrasound examination and analyses of blood and urine samples of subjects who consented to donate such samples. Response rates were very high among case patients in both Belarus (98%) and the Russian Federation (99%); the rate was lower among control subjects in Belarus (84.5%) and the Russian Federation (58%).
Radiation Dose Estimation
For each study subject, individual radiation doses to the thyroid were reconstructed by taking into account knowledge of the whereabouts and dietary habits of the subjects, which was obtained by questionnaire, and information on environmental contamination and on dates when cattle were put out for pasture, which were available for each settlement where the subject resided during the period after the accident until interview. The following pathways of exposure were considered: 1) internal irradiation arising from the intake of 131 I via inhalation or ingestion of contaminated foodstuffs; 2) internal irradiation arising from the intake of short-lived radioactive iodine isotopes ( 132 I, 133 I, and 135 I) and radioactive tellurium isotopes ( 131m Te and 132 Te) via inhalation and ingestion; 3) external irradiation from radionuclides deposited on the ground and other materials; and 4) internal irradiation resulting from the intake of radionuclides other than iodine and tellurium (essentially, 134 Cs and 137 Cs). The total radiation dose to the thyroid was estimated as the sum of the doses from these different radiation types.
The approach taken to estimate the individual thyroid 131 I dose combined individual information on period and length of residence in each settlement, on dietary patterns, and on stable iodine prophylaxis immediately after the accident with the average age-specifi c doses for each settlement. Because 131 I decayed before suffi cient contamination surveys could be performed, a semiempirical model for the estimation of settlement level dose ( 22 , 23 ) , modifi ed to take into account specifi cities of deposition in different territories ( 24 ) , was used. Details of the model and of its implementation will be presented elsewhere (V. T. Khrouch, V. V. Drozdovitch, E. Maceika, I. A. Zvonova, O. K. Vlasov, A. Bouville, et al., unpublished results). The semiempirical model used was based on the relation between environmental contamination and thyroid dose estimated from 130 000 direct thyroid exposure rate measurements carried out in territories with different contamination levels and in populations of all ages (infants, children, adolescents, and adults).
The radiation dose reconstruction was validated through a series of intercomparison exercises. Group radiation doses were evaluated by calculating the average radiation doses to the thyroid in populations of specifi c age groups for several settlements where direct thyroid measurements were available. The calculated group radiation doses were compared with average radiation doses to the thyroid derived from direct thyroid measurements in these settlements, assuming the same lifestyle and dietary habits as used in the calculation of doses from direct thyroid measurements; agreement was very good (correlation coeffi cient = .98). Validation of individual thyroid radiation dose estimation was then carried out by comparing predicted individual doses with doses calculated from direct thyroid measurements for subjects for whom information on lifestyle and diet was obtained from the study questionnaire; again, the agreement was good. A detailed description of the intercomparison study results will be presented elsewhere (V. T. Khrouch, V. V. Drozdovitch, E. Maceika, I. A. Zvonova, O. K. Vlasov, A. Bouville, et al., unpublished results).
Evaluation of Iodine-defi ciency Status
For each subject in the study, the level of stable iodine in soil in the settlement of residence at the time of the Chernobyl accident was used as a surrogate of stable iodine status. This level was derived from the estimated average iodine content in the predominant soil types in the land used for agriculture in the area around the settlements and was based on a relation between soil type and iodine level established by Lozovsky ( 25 ) . The majority of the subjects in the study resided in rural areas, and local vegetables, meat, and milk provided most of the daily iodine intake in the diet of such areas of the former Soviet Union ( 26 , 27 ) . The determination of iodine status of a settlement also took into account whether the location was rural or urban. Because, at the time of the Chernobyl accident, the food supply in large cities was dependent mainly on foodstuffs imported from other regions of the former Soviet Union (notably non -iodine-defi cient regions of the Ukraine and Kazakhstan, for example, for wheat), the populations of large cities were assumed to be iodine suffi cient. For smaller towns, we assumed that half of the diet was composed of locally produced foodstuffs and half of imported foodstuffs.
Assurances
Written informed consent to participate in the study was obtained from each study subject or from his or her guardian, as appropriate. The study was approved by the IARC Ethical Review Committee, the Belarus Coordinating Council for Studies of the Medical Consequences of the Chernobyl Accident, and the Ethical Committee of the Medical Radiological Research Centre of the Russian Academy of Medical Sciences, Obninsk. The procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional or regional) and with the Helsinki Declaration of 1975, as revised in 1983. Data analyses for this paper were carried out in Lyon, France, by E. Cardis, A. Kesminiene, and V. Tenet.
Statistical Analysis
Data were analyzed by conditional logistic regression. The primary risk model used was the excess relative risk model, a model commonly used in radiation risk estimation ( 5 , 28 , 29 , 30 ) , where the estimate of the relative risk, the odds ratio (OR), at a dose d, is expressed as OR( d ) = 1 + β d + γ d 2 + … , where β and γ denote, respectively, the slope coeffi cients of the linear and quadratic dose terms in the model. Analyses were also carried out with a model more commonly used in environmental epidemiology, the log-linear risk model, in which the odds ratio at a dose d is expressed as OR( d ) = exp( β d + γ d 2 + … ). As indicated below, both risk models yielded very similar risk estimates. However, convergence problems are sometimes encountered in fi tting excess relative risk models, particularly when interaction terms are included in the model. Consequently, the log-linear risk model was used for the exploration of interactions.
The main analyses were carried out by assuming that β is constant and by using dose as a continuous variable. Departures from linearity of risk were explored by fi tting polynomial equations in dose. Departures from a constant relative risk model were explored by carrying out analyses that address the possible modifying effects of other variables (including soil iodine content and iodine supplementation) by the introduction of interaction terms. The statistical signifi cance of model parameters was tested with the likelihood ratio test. For descriptive purposes, analyses of risk in 11 distinct radiation dose categories (the lower bounds of the intervals were respectively 0, 0.016, 0.20, 0.40, 0.60, 0.80, 1.0, 1.25, 1.5, 2.0, and 3.0 Sv) were carried out; the lowest, reference category represents the lowest decile of the dose distribution. Estimated odds ratios and 95% confi dence intervals (CIs) were calculated for the mean of each dose class. For analyses of the impact of soil iodine level, this variable was categorized into tertiles. All risk models were fi t by use of the EPICURE software package ( 31 ) . All statistical tests were two-sided.
R ESULTS
The majority of case patients were from the Gomel region in Belarus ( Table 1 ) . Case patients from the regions of Kaluga, Orel, and Tula, which had the lowest contamination levels in the study, tended to be older (mean age = 7.4 years; standard deviation [SD] = 4.2 years) at the time of the accident than case patients from other regions (mean = 4.4 years; SD = 3.9 years); consequently, a higher proportion of these cases may have been spontaneous thyroid cancers, because the baseline incidence of thyroid cancer is extremely low in very young children and increases with age ( 32 ) . As shown in Table 1 , the number of boys and girls with thyroid cancer were similar in Bryansk and Kaluga regions; in all other regions, the number of girls was much greater than the number of boys.
The distribution of thyroid radiation doses was highly skewed for all subjects ( Fig. 1 ) . The median radiation dose from all radiation types was estimated to be 365 mGy (95% intercentile ranges = 7 to 3109 mGy) in Belarus and 40 mGy (95% intercentile ranges = 3 to 1691 mGy) in the Russian Federation. The highest doses were about 10.2 Gy in Belarus and 5.3 Gy in the Russian Federation. Most of the dose was from 131 I: The median dose from 131 I in Belarus was 356 mGy and in the Russian Federation was 39 mGy (maximum dose from 131 I was 9.5 and 5.3 Gy, respectively). The median estimated dose from short-lived iodine and tellurium isotopes was 1.2 mGy (1.6 in Belarus and 0.1 mGy in the Russian Federation) and the highest dose was 534 mGy (95% intercentile range in Belarus = 0.1 to 32 mGy, and 95% intercentile range in Russia = 0 to 9 mGy). Individual estimated thyroid doses from external exposure ranged from
mGy). The total dose to the thyroid decreased with increasing age at exposure: the median doses were 400, 365, 124, and 43 mGy, respectively, in the age groups of younger than 2, 2 -4, 5 -9, and 10 -14 years. Figure 2 shows the variation in odds ratios as a function of dose level. A strong dose -response relationship was observed ( P <.001); the odds ratio appeared to increase linearly with dose up to 1.5 -2 Gy and then to plateau at higher doses. Statistically signifi cant increases in risk were associated with all radiation dose categories greater than 0.2 Gy.
The statistical models that best describe these data are the linear excess relative risk model up to 1 Gy, the linear excess relative risk model up to 2 Gy, and the linear-quadratic excess relative risk model over the entire dose range. As shown in Fig. 2 , however, the latter model tended to underestimate risks up to 2 Gy. The estimated odds ratios of thyroid cancer at 1 Gy calculated with the best fi tting log-linear and excess relative risk models in different dose ranges were similar, however ( Table 2 ). Estimates derived from analyses restricted to doses of less than 1 Gy were slightly higher than, but statistically compatible with, those derived from analyses carried out on a wider dose range. Because of the absence of a consistent pattern in risk at greater doses, further analyses were restricted to subjects who received doses of less than 2 Gy.
The odds ratios at 1 Gy estimated for total thyroid dose, as well as dose from 131 I alone and in combination with short-lived isotopes of iodine and tellurium, are shown in Table 3 . These odds ratios are very similar, indicating that the risk is related mainly to 131 I exposure. Adjusting for doses from longer-lived radionuclides and external radiation had little effect on the risk estimate.
We investigated the possible modifying effect of the stable iodine defi ciency on the radiation-related thyroid cancer risk based on estimated average level of soil iodine in the areas in which study participants resided at the time of the accident. We found a statistically signifi cant interaction between radiation dose to the thyroid and iodine level in soil on the risk of thyroid cancer ( χ 2 for interaction = 25.0, 2 degrees of freedom; P <.001). There was no statistically signifi cant difference in radiation risk estimates between settlements in the highest and middle tertiles of soil iodine. However, for subjects living in settlements in the lowest tertile of soil iodine, the odds of developing thyroid cancer after a 1-Gy exposure was 3.2 (95% CI = 1.9 to 5.5) times higher than that for subjects living in areas of greater soil iodine. * Distribution shown is for case patients only. Because control subjects were matched to case patients by age at exposure and sex, the proportion of control subjects and case patients in the different age and sex categories are identical. We also investigated the possible modifying effect of the stable iodine consumption on radiation-related thyroid cancer risk based on information collected on the consumption of potassium iodide as antistrumin, a preparation that was used in the former Soviet Union for goiter prophylaxis and that was distributed, mainly in Belarus, to children evacuated after the Chernobyl accident. The usual doses for goiter prophylaxis were as follows: 0.5 mg every 15 days for children aged 1 -3 years, 0.5 mg weekly for children aged 3 -7 years, and 1 mg weekly for children older than 7 years ( 33 ) . Consumption of potassium iodide appeared to be associated with a statistically signifi cantly reduced risk of radiation related thyroid cancer ( χ 2 for interaction = 5.16, 1 degree of freedom; P = .02). The odds of developing thyroid cancer after a 1-Gy exposure in subjects who consumed potassium iodide was about 3 times less (0.34, 95% CI = 0.1 to 0.9) than in those who did not.
The effects of these variables were similar when both were included in the model: Consumption of potassium iodide was again associated with a threefold reduction (OR = 0.31, 95% CI = 0.1 to 0.9) in risk of thyroid cancer at 1 Gy, compared with no consumption. Residence in the areas of lowest tertile of soil iodine content was associated with a threefold increase (OR = 3.1, 95% CI = 1.7 to 5.4) in thyroid cancer risk at 1 Gy, compared with residence in areas of higher soil iodine content (highest and middle tertiles). Both variables appeared to act independently ( P for interaction = .99). Table 4 shows the resulting estimated odds ratios at 1 Gy, cross-classifi ed by potassium iodide consumption status and soil iodine. As shown, consumption of potassium iodide reduced the odds ratio at 1 Gy from 3.5 to 1.1 in areas of higher iodine soil content and from 10.8 to 3.3 in areas of low iodine soil content. Similar modifying effects of soil iodine level and potassium iodide consumption were seen (data not shown) when analyses included all subjects, regardless of their radiation dose level, and when analyses were restricted to subjects who received doses of less than 1 Gy. Among subjects who received less than 1 Gy, however, the interactions between radiation dose and potassium iodide and between radiation dose and soil iodine levels were no longer statistically signifi cant. The modifying effects of soil iodine level and of potassium iodide consumption on the risk of radiation-related thyroid cancer were also similar when an excess relative risk model was used. The radiation-related risk of thyroid cancer was not statistically signifi cantly different between males and females (OR at 1 Gy, compared with no exposure, in girls = 5.3, 95% CI = 2.8 to 10.1; OR at 1 Gy, compared with no exposure, in boys = 5.7, 95% CI = 2.8 to 11.8; P = .86), by country (OR at 1 Gy in Belarus = 5.1, 95% CI = 2.9 to 8.9; and OR at 1 Gy in the Russian Federation = 31.5, 95% CI = 1.3 to 761; P = .11), by region ( P for heterogeneity = .20), or by time since the accident ( P = . 75).
D ISCUSSION
A very strong dose -response relationship was observed in this study between radiation dose to the thyroid received in childhood and the risk of a subsequent thyroid cancer. This relation appears to be mainly related to exposure to 131 I. The estimated odds ratio of thyroid cancer in children who received a thyroid dose of 1 Gy compared with unexposed children varied from 5.5 to 8.4, depending on the model used ( Table 2 ). This estimate is slightly lower than, but similar to, that (i.e., OR at 1 Gy = 8.7, 95% CI = 3.1 to 29.7) observed in studies of children exposed to external radiation ( 3 ).
We provide evidence of nonlinearity in the relationship between radiation dose and the risk of thyroid cancer for doses greater than 1.5 -2 Gy. Although fl attening of the dose -response relationship has been observed in other populations (e.g., atomic bomb survivors and patients treated with radiotherapy) and attributed mainly to cell killing, doses in the range of 1 -3 Gy are not thought to be suffi ciently high to kill a substantial number of cells. Other explanations of the nonlinearity are therefore needed. Errors in the dose estimates or possible recall bias among case patients who may have overestimated their milk consumption (and for whom dose would, therefore, be overestimated) could account for this result. The relatively small number of subjects in the highest dose categories may also affect the apparent doseresponse relationship in this range (24 case patients received doses of >2 Gy, but only nine of them received doses of >3 Gy). The possibility of differential levels of iodine supplementation (through the use of iodized salt and/or distribution of iodine supplements) between territories with different contamination levels also may have contributed to this result. Our results also indicate that iodine defi ciency increases the risk of 131 I-related thyroid cancer. Because no reliable population indicators of iodine-defi ciency status at the time of the Chernobyl accident were available for all of the areas under study, soil iodine concentration in settlements of residence at the time of the Chernobyl accident was used as a surrogate marker for iodine status of study subjects. It is noted that measurements of thyroid volume and urinary iodine levels also provide an indication of the stable iodine status of a population. Measurements of thyroid volume were in fact carried out in control subjects, and measurements of urinary iodine in all study subjects, at the time of interview in this study. However, although these measurements provide information on recent iodine status of the subjects, they do not necessarily refl ect iodine status at the time of the accident because changes in dietary habits, in the availability of iodized food, and in commercial food distribution circuits that have occurred since the accident are likely to have modifi ed the iodine status of study subjects. Population studies of iodine defi ciency have been carried out in the years after the Chernobyl accident by several national and international organizations ( 19 , 34 ) . Although they provide important information, they do not cover all of the territories included in this study. Data from these studies are being sought to validate the classifi cation of iodine status based on soil iodine content used in this study. Nevertheless, any error in iodine status classifi cation is likely to be random and, therefore, would tend to bias estimates toward the null. Thus, it is unlikely that the observed effect of iodine defi ciency is artifactual. We note, moreover, that our fi ndings support the results of a recent ecologic study carried out in Bryansk region of the Russian Federation ( 19 ) , in which the excess relative risk per Gy from 131 I in areas of severe iodine defi ciency was found to be approximately twice that in areas with normal iodine intake.
Our fi ndings also indicate that use of a dietary iodine supplement containing potassium iodide can reduce the risk of 131 I-related thyroid cancer. Unlike Poland, where the rapid, countrywide distribution of potassium iodide was organized to reduce the dose from iodine isotopes to the thyroid ( 35 ) , no widespread systematic prophylaxis occurred in the most contaminated areas of Belarus and the Russian Federation immediately after the accident ( 5 ) . Several different measures were, however, taken months and years after the Chernobyl accident to provide stable iodine to children in exposed regions, including the distribution of potassium iodide as antistrumin, multivitamins containing iodine, and iodized salt. More detailed analyses are also under way to evaluate the effect of these measures, in particular those of the timing, dose, and length of administration of iodine-containing supplements on the risk of 131 I-related thyroid cancer. Potassium iodide (which was administered to evacuated children in the days after the accident and continued to be given to some school children in the following years) alone, however, appears to reduce the risk of 131 I-related thyroid cancer by a factor of approximately 3.
There are two mechanisms through which dietary iodine supplementation could be related to the incidence of thyroid cancer after exposure to radioiodines. First, stable iodine given shortly before, during, or immediately after exposure reduces the uptake of radioactive iodine by the thyroid and, therefore, reduces the radiation dose to the thyroid ( 35 , 36 ) . However, as indicated above, no widespread systematic iodine administration occurred in the regions under study. Second, long-term dietary iodine supplementation reduces the size of the thyroid in iodine-defi cient areas, and a reduction in thyroid growth, particularly in children, would be expected to be associated with reduced incidence of cancer.
We found that iodine defi ciency and consumption of potas sium iodide appeared to act independently as modifi ers of radiationrelated thyroid cancer risk. This result is somewhat surprising because we expected that iodine supplementation in iodinesuffi cient areas would have little or no additional benefi t. Most of the areas studied are mildly to moderately defi cient in soil iodine, and so the comparison group (highest two tertiles of soil iodine) is not really iodine suffi cient. Furthermore, the number of subjects who lived in the most iodine-defi cient areas and consumed potassium iodide is small ( n = 12 subjects) . Consequently, this study did not have the statistical power to detect a difference associated with potassium iodide consumption among residents of areas with different iodine soil contents.
Uncertainties in thyroid dose estimates and possible biases resulting from selection, recall, confounding, or effect modifi ers need to be considered carefully when interpreting the results of this study. The main sources of dosimetric uncertainty are as follows: 1) variability of model parameters related to the transfer of 131 I from deposition on the ground to the human thyroid; 2) uncertainties in information on individual lifestyle and dietary habits obtained by questionnaire; and 3) uncertainties in the original direct thyroid measurements made some days or weeks after the * OR = odds ratio at 1 Gy compared with no exposure; CI = confi dence interval. Table 4 . Estimated risk of developing thyroid cancer after a radiation dose of 1 Gy, by level of soil iodine in the settlement of residence at the time of the accident and by potassium iodide (i.e., antistrumin) consumption status (analyses restricted to subjects with radiation doses to the thyroid of less than 2 Gy) * OR at 1 Gy (95% CI) * Levels of iodine in soil in settlement of residence at time of accident were divided into tertiles. OR = odds ratio at 1 Gy compared with no exposure; CI = confi dence interval.
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The low participation rate among control subjects, particularly in the Russian Federation, is of concern because it may have introduced a selection bias. Although it is not possible to estimate individual doses for nonrespondents because information on their dietary intake is not available, an estimation of the average age-specifi c " settlement doses " is possible, using age and place of residence at the time of the accident and standard assumptions about food consumption in different age groups. We compared the distribution of these settlement doses among participating control subjects and nonrespondent controls; the distribution was similar, with the median dose among nonrespondents slightly lower (198 mGy) than among participating control subjects (245 mGy). Thus, although a small selection bias is possible, its most likely effect would have been to artificially increase the dose among control subjects, and so bias the risk estimates downward.
Interviews were carried out with case patients and control subjects (or their mothers) years after the Chernobyl accident, and the possibility that recall bias may have played a role in the magnitude of the observed risk estimate cannot be excluded. Although a few study subjects have had direct thyroid measurements and were interviewed about their dietary habits shortly after the accident, it has not been logistically possible in this study to obtain the questionnaire data for intercomparison. A comparison was made, however, of the estimated doses for these subjects. For case patients, the dose derived from model estimates tended to be somewhat lower than the dose derived from direct thyroid measurements, and hence a recall bias related to case patients systematically overestimating their dietary habits appears unlikely.
This study, to our knowledge, is the largest population-based case -control study of thyroid cancer in young people. The very large increase in the risk of thyroid cancer after the Chernobyl accident has provided a unique opportunity to 1) estimate the magnitude of the thyroid cancer risk associated with exposure to 131 I in childhood and 2) evaluate the modifying effect of stable iodine on the risk of radiation-related thyroid cancer. The risk from 131 I appears to be similar to that observed after external radiation exposures and to that reported by Davis et al. ( 16 ) in a case -control study (including 26 case patients) in the Bryansk region of the Russian Federation.
Both iodine defi ciency and iodine supplementation appear to be important and independent modifi ers of the risk of thyroid cancer after exposure to 131 I in childhood. This result has important public health implications in the case of exposure to radioactive iodines in childhood that may occur after radiation accidents or during medical diagnostic and therapeutic procedures. Indeed, stable iodine supplementation in iodine-defi cient populations may reduce the subsequent risk of radiation-related thyroid cancer in these situations.
